ABSTRACT. The ice caps of Nordaustlandet, Svalbard, represent one o f the largest glacia ted areas outside of Antarctica and Greenland. They demonstrate a val-iety of different Oow regimes within a compa ratively compact area. We report on the first interferometrically derived elevation models and velocity visualisations of Austfonna. This initial investigation had three purposes: to determine whether the coherence a nd velocity characteristics of the region permitted interferometric survey; to determine the accuracy of derived elevations; a nd to assess the possibility of investigating time-variant fl ow of the more dynami c ice bodies using differential interferometr y. A trio of coherent synth etic aperture radar images from ERS-I 's First Ice Ph ase was identifi ed. The im ages were combined to separate the topog raphi c and veloc ity components of the res ulta nt interferograms. The topographic phase difference was used to produce a digita l elevation model of Austfonna. Its accuracy relative to radio-echo-sounding derived ti e-points is 8 m a nd its resolution 40 m. We also present synoptic v iews of the velocity field of three of Austfonna's drainage basins, and com ment on the extraction of useful velocity information.
INTRODUCTION
The ice m asses of the Svalbard archipelago, in the Norwegian Arctic, are thought to be contributing a positive increment to sea-l evel rise. M easurements of winter acc umul ation a nd summer m elting at several vall ey glaciers on the island of Spitsbergen have shown a net loss a lmost every year since observations began in 1950 (Hagen a nd Liest01, 1990) . Much mass is also lost through iceberg production, from the numerous tidewater glaciers making up over 1000 km of Svalbard's coastline. This increment to the total m ass balance is very poorly constrained. A suitabl e method is needed of measuring glacial near-terminus velocity. Used in conjunction with ex isting ice thickness inform ation (Dowdeswell, 1986) , such a data set would allow calc ulation of the a rchipelago-wide mass los associated with ca lving. In addition, a mean of efficiently monitoring cha nging velocity fi elds would facilitate study of Svalbard's variabl e dynamic regimes. These include fast-moving ice streams whose time-variant activity is of particular significa nce to the stability of their pa rent ice cap (Dowdeswel l a nd Collin, 1990) , and numerous glaciers in various stages of build-up to surge activity (Dowdeswell a nd others, 1991) . Nordaustlandet, in eastern Sva lbard, contains ice caps covering an area of 11150 km 2 . This is one of the largest glaciated areas outside of Greenl a nd and Antarctica. If the complete topography and velocity fi elds of th e caps were to be characterised, this data would provide input for glaciological modelling studies in the region.
The new technique of satellite radar interferometry (SRI ) may provide a means of extracting accurate, highresolution height a nd velocity information in Svalbard. Large quantities of 3 d repeat synthetic aperture radar (SAR ) data were acquired over the archipelago during ERS-l 's First and Second Ice Phases in 1992 and 1994, and the 1995-96 tandem ERS-IjERS-2 mission is simila rly set to obtain a significa nt number of I cl repeat scenes. The region is well know n in glaciological terms, providing useful validation for interferometrically derived data sets.
The use of SAR interferometry for topographic mapping was first demonstrated by Zebker and Goldstein (1986) . A good description of the theory, including a treatment of errors, may be found in Rodri guez a nd M artin (1992) . The processing steps necessary to transform interferometric phase difference into useful topographic information are detailed in Zebker a nd others (1994) . Sources of incoherence between rep eat-pass SAR images a re disc ussed by Zebker a nd Villasenor (1992) .
Over the past 3 years, the SRI technique has been extended to a llow synoptic visualisations of surface displacement. Following Massonnet a nd others' (1993) visualisation of the Landers earthqu a ke displacement, there has been a rapid application of the technique to glacier Oow. Goldstein and others (1993) imaged the lin e-of-site velocity field of the Rutford Ice Stream, and J oughin and others (1995) produced the first detailed regional view of ice motion near Greenland's western margi n. Kwok and Fahnestock (1996) described how the separation of mixed topographic and di splacement components of interferometric phase may be achieved through the differencing of successive interferograms.
In this paper, we apply SRI to investigate the topog raphy and dynamics of Austfonn a, a n ice cap on Nordaustlandet. Our initi a l investi gat ions had three purposes: to determin e whether the coherence and velocity characteri stics of the region permitted interferometric study; to produce a digital elevation m odel (DEM ) and determine the accuracy of the derived elevations; and to assess th e possibility of investigating time-variant Oow of th e more dyn amic ice bodi es using differential interferometry. In section 2 we describe the selection of a suitabl e sequence of SAR im ages for use in a n interferometric investigation of Austfonn a. In section 3 we present single-pair interferogra ms containing phase components due to both topography a nd ice velocity. Section 4 describes how we isolated the topogr aphic phase.
Section 5 discusses th e computation of a DEM and its accuracy rel ati ve to an external data se t. In section 6 we present velocity visua lisations of three of Austfonna's drainage basins. We draw our conclusi ons in section 7.
SAR DATA SELECTION
Our investigations focused on fr ame 1629 of ERS-I 's 3 d repeat track 13. This lOO km x 100 km image covers virtually the whol e of Austfonn a. We obtained 16 First Ice Phase repeats of this scene, d ated between I February a nd 29 M a rch 1992. The images wer e in single-look complex form, having been processed at the G erman Processing a nd Archiving Facili ty (DPAF) . Fig ure 1 shows the SAR amplitude im age from 16 Febru a ry 1992.
Two pa irs of coherent repeat-pa ss SAR scenes, forming two interferograms, a re needed to sepa ra te interferometric phase difference into its topographic a nd displacem ent components (K wok and Fahnestock, 1996) . The coherence of each pair was investigated, in order to identify scenes sui tabl e for full interferometric processing. Small portions of each pair were approximately registered, to the nearest pixel, by first m anually matching features, and then iter ating to maximise correlation. Interferograms a nd coher ence im ages were formed. We found that image pairs acquired between 13 a nd 19 February achi eved high coherence across the whole scene a nd hence yielded high-qu a lity fringes. M ost of th e other pairs did not match this quality, displaying low coherence over part or all of the scene. Local temperature da ta, obta ined from the Norwegian M eteorological Institute, indicate that melting co uld not be the cause of thi s coherence loss. It is therefore assumed that precipita ti on, in the form of snow, has destroyed the correlation.
Three coherent images, forming two mutually coherent 3 d repeat pairs, were selected for fu rther study. The images were acquired on 13, 16 and 19 February 1992, from orbits 3034,3077 and 3120, respectively. The scenes will henceforth be referred to by the numbers [-3. At scene centre, the baseline for image pair 1-2 is 61 m, and for pair 2-3 it is 186 m.
Fig. 2. M ixed motion/ topography interferograms for med Jro m (a) SAR images 1 and 2 ( h,d and ( b) SAR images 2 and 3 ( h ,3

SINGLE-PAIR INTERFEROGRAMS
The three SAR images were mutually registered to sub-pixel accuracy using the technique of Gabriel and Goldstein (1988) . For each pair the complex multiple was computed and non-topographic range-dependent ramps were removed. Baselines were estimated using Precise Orbit data (ESA, 1990) , and the coordinate system used was that of a spherical Earth of rad ius equal to the local geodetic radius. To reduce speckle, at the expense of resolution, averaging was performed over two samples in range and ten samples in azimuth (Zebker and others, 1994) . This process is often referred to as "multi-looking". The resultant sample size was then 39.61 m in azimuth and 15.81 m in slant range (equivalent to approximately 40 m in ground range, though tlus varies with topography). The phase and correlation of each complex interferogram was calculated. Figure 2 shows the interferometric phase formed from each pair. These phase-difference images contain components due to both topography and flow.
The topographic component is less dominant in It,2 because of its relatively short baseline.
TOPOGRAPHIC-PHASE ISOLATION
The topographic phase was isolated by subtracting 1 2 ,3 from h,2 (Kwok and Fahnestock, 1996) , under the assumption that the velocity field remained constant over the relevant 6 d period. The subtraction was performed by multiplying the complex interferograms before the multi-look averaging procedure to optimise speckle reduction. Figure 3a shows the resu lting topography-only interferogram, 1topog. Its equivalent baseline is the vectorial difTerence between the baselines of h,2 and h,3, which is 245 m at image centre.
The greater length of this baseline relative to that of 1 2 ,3 accounts for the tighter fringe spacing of 1topog. The modulo-27r phase of 1topog was unwrapped using the algorithm of Joughin (1995) . Figure 3b shows the unwrapped phase. Areas of complicated topography or sea water were masked out of the procedure, and these regions are shown in black.
DEM PRODUCTION
To produce accurate height information, the interferometric baseline parameters have to be known very accurately. Currently the best orbit estimates for ERS-1 are accurate to about 30 cm (ESA, 1990) . This uncertainty can lead to systematic height errors of the order of 1 km (Zebker and others, 1994) , and smaller, spatially varying height errors. It is therefore necessary to use tie-points of ground-truth heights to constrain the baseline parameters. Provided enough tie-points, of sufficient accuracy, are used, it is possible to reduce this component of the height error to less than 5 m (Zebker and others, 1994) , equivalent to millimetre-order accuracy in baseline length. In the absence of tie-point errors, only four points would be needed to solve for the two baseline components and their gradients. However, where there are random errors in the tie-points, the result will be optimised by use of a greater number.
The tie-points used in this work are from an airborne radio-echo sounding ( fonna was II m, with a standard deviation of 9.3 m . These errors were due to poor navigational accuracy over much of the ice cap, and are larger where slopes are steep. The lowest errors occurred where two or more transponder position fixes cou ld be m ade, Here position accuracies were calculated as ± 30 m (Dowdeswell and others, 1986) , as distinct from ± 250 m elsewhere on the cap. Of over 17000 tiepoints, we selected 2500 from within the area where crossover errors were lowest (Dowdeswell and others, 1986) . The tie-points were given pixel locations within the image using the best available knowledge of the orbit. A subset of 250 points, chosen by extracting every tenth point in the time series, was used in the baseline estimation procedure, solving for th e parameters in a least-squares sense, Once the baseline geometry is known, topographic heights may be derived from the unwrapped interferometric phase (Zebker and others, 1994) , Figure 4a shows a shaded isometric image of the interferometrically derived DEM. The main ice domes, Austdomen and S0rdomen (Dowdeswell and Drewry, 1985) , can clearly be seen, as can the main ice divides delineating Austfonna's drainage basins. The 406 edges of this plot mark the edges of the SAR scene, or the limit of interferometric phase that could be unwrapped (see Fig. 3b ), rather than the edge of the ice cap itself. A contour plot of the DEM is shown in Figure 4b .
The interferometrically derived DEM was compared to the 2500 tie points selected from the low tie-point error zone. The average diITerence was 0.5 m and standard deviation 7.9 m. A comparison was also made with the whole tie-point data set, for which the mean diITerence was -12 m and standard deviation 42 m . Figure 5 shows that the largest diITerences occur in the northeast corner of the ice cap. No transponder fixes were available in this region. Slopes are also steep, exacerbating height errors arising from navigational uncertainties, Flight-line crossovers in the poorly navigated zone yielded RES height diITerences of up to 40 m (Dowdeswell and others, 1986) . It is therefore likely that it is the RES data set that is in error in this area of the ice cap, rather than the interferometric height inform ation. In order to corroborate this, an attempt to repeat the result using diITerent SAR scenes is currently under way.
6, DRAINAGE-BASIN FLOW FIELDS
The interferometric phase due to ice displacement was isolated by subtracting the unwrapped topographic phase from the mixed interferogram, h2' performing appropriate scaling to account for their different baselines (Kwok and Fahnestock, 1996) . Since the baseline of !t,2 is known only to an accuracy of about 0.5 m, this cancel lation of topography is incomplete, and a residual phase ramp remains. Each phase cycle from 0 to 2n represents a velocity increase of 0.95 cm d-\ or 3.5 m year-I. The residual error induced by a baseline uncertainty of 50 cm is roughly two fringes across the 100 km im age in the look direction, which corresponds to a velocity change of about 7 m year I. Over short distances, such as the width of an outlet glacier, this error can be considered negligible. Figure 6 shows the displ acement fringes for three of Aust[onna's drainage basins, for which now was enh anced relative to the rest of the cap. Th e basins are Duvebreen in the north, Basin 3 in the so uth a nd Leighbreen in the east (Dowdeswell and Drewry, 1985) . The interferometric fringes represent the now-induced phase shift that occurred, in the line-of-sight of the satellite, during the 3 d period between the acq uisiti ons of im ages 1 a nd 2. Each im age is a contour map of slant-ra nge displacement, with a co ntour interval of 2.8 cm (ha lf the ERS-l SAR wavelength ). This converts to a line-of-sight velocity scale of 3.5 m year 1 per frin ge. As the origin of the phase shift is unknown, displacement, a nd hence velocity, may only be determined relative to that of a chosen reference point. In regions of phase continuity, absolute line-of sight velocities m ay be obtained if fringes are co unted from a point of known velocity.
Examining Basin 3, for example, 18 frin ges m ay be counted from where the now begins at the point m arked A to where it ends at point B, at the edge of the cap. This corresponds to a velocity incr ease over this region of 63 m year 1 (18 x 3.5). Since this represents only the velocity component in the lin e-of-sight of the satelli te, true velocities will be hi gher.
Basin 5, to the east of Basin 3 (see Fig. I ) has maximum measured velocities of around 45 m year 1 (Dowdeswell and Drew ry, 1989) . Dowdeswell (1986) divided Austfonna's drainage basins into two categories: those which had low driving stresses and were thought to be in the qui escent phase between surge activity, and those, such as Basin 5, which had high str esses a nd profiles and were interpreted as being frozen to their beds. Basin 3 was classifi ed as the former type, and the hi gh velocities visualised in Figure 6a confirm that basal sliding is probably taking place. Leighbreen was thought to be intermediate b etween th e two groups, with high er driving stresses than Basin 3. Figure 6c confirms this observation. Duvebreen was not included in Dowdeswell's study, but the high velociti es impli ed by Figure 6b , with a line-of-sight velocity increase of 21 m year -1 between points C and D, suggest that it could be in the same category as Basin 3.
CONCLUSIONS AND FUTURE WORK
We have investigated the temporal coherence of ERS-I First Ice Ph ase SAR data over Austfonna a nd identifi ed a series of images suitable for interferometric study. We note the difTicult y of obtaining sufficient quantities of coherent im ages in this region, duc to high precipitation in the winter a nd m elting in the summer. Topographic a nd di splacement components of interferometric phase difference have been separated. The topog raphic phase has been used to produce a DEM of Austfonna, with a relative acc uracy of 8 m and spatia l resolution of approxim ately 40 m. The repeatability of this result, using different SAR scenes, is to be investigated a nd a comparison with ERS-I altimetry data is currently under way. Since the use of satellite altimetry is highly problematic over regions of hi gh slope, SRI provides a n alternative for use over sma ll ice caps and glaciers, as well as across the margins of the larger ice sheets. R esoluti on is also much higher than for altimetry, at about 40 m for data th at has been multi-looked ove r 2 x 10 sampl es.
\,ye have presented synoptic im ages of the line-of-sight velocity fi eld of three of Austfonna's drainage basins. We a re currentl y investigating method s to obtain more complete resoluti on of th e ice surface velocity vector. Vertical velocities a re appreciable over local obstacles and are known to affect ice now interferog ram s (Rignot and others, 1995) . Physical assumptions concerning ice Oow, and the use of ascending and descending scenes, will therefore be required to close the velocity vector.
